Introduction
Lorentz invariance (LI) is a common symmetry shared by both standard model (SM) and general relativity (GR). By Charge Conjugation-Parity-Time Reversal (CPT) theorem; violation of CPT symmetry implies a violation of local Lorentz symmetry [1, 2] , meaning that any process that might break LI would indicate new physics beyond SM and GR [3] . Planck-scale unified theories allow spontaneous violations of Lorentz symmetry [4, 5, 6, 7, 8] , therefore searching for breakage of LI is a good test of Planck-scale physics [9] . Even though no violation of Lorentz symmetry has ever been reported, it is not inconceivable to think of the presence of a Lorentz symmetry violating field in the universe as might be indicated by dark energy which dominates the universe [10, 11, 12, 13, 14] . Lorentz symmetry guarantees the isotropy of speed of light and the independence of speed of light from the energy of the photons. Breakage of local LI is incorporated into an effective field theory at lab energies far below Planck-scale known as standard model extension (SME) [15, 16, 17] which provides a framework to analyze experiments in search of Lorentz symmetry violation [18] .
Interactions between SM particles and a LI breaking field would manifest themselves as violation of Lorentz or CPT symmetry [19] . One such manifestation might be a preferred direction,κ, in the universe which breaks LI and generates an anisotropy in the speed of light.
where n(k) is the refractive index of free space in the direction ofk, and the components of the 3-vectorκ are the minimal SME parameters [20, 21] . It is evident from Eq. 1 that the measured speed of light is modulated sidereally asκ is held fixed in the cosmos whilst the direction-k goes with the rotating frame of the Earth.
CompEx-1a: Measurement in Hall-C of JLab
A new polarimeter based on Compton scattering was built for the sub 5% measurement of the weak charge of the proton at the QWeak experiment in Hall-C of Jefferson Lab (JLab) [22] . The polarimeter is based on the measurement of the known double-spin Compton asymmetry in electron scattering from a photon beam of known polarization.
Here σ +(−) indicates the Compton cross-section for positive (negative) incident electron helicity while the incident photon helicity state is fixed. The polarimeter, as shown in Figure 1 , consists of 4 dipole magnets, where the 3rd dipole magnet (from left) acts as an analyzing magnet for the Compton scattered electrons. The Compton scattering occurs in a low-gain Fabry-Pérot cavity (Q ∈ (100, 300)) coupled to a 10 W -532 nm laser where the electrons had an initial energy of 1.16 GeV. The Compton scattered electrons are detected by a multi-strip diamond detector, and this allows us to extract Compton asymmetry (in Eq. 3) as a function of scattered electron energy. The Compton scattered photon had a maximum energy of up to 46 MeV and was detected by a calorimeter made of PbWO 4 scintillator crystals. Refs. [23, 24, 25] provide further details of the construction and performance of the polarimeter.
The measured asymmetry is proportional to the product of polarization of photon and electrons involved in Compton scattering, A j exp = P e P γ A j th , where j is the strip number. Strip number -j gives us the energy of the scattered electron as the scattered electrons are analyzed by dipole -3 and bend by an angle proportional to their energy. This allows us to write the asymmetry in terms of a dimensionless variable -ρ = E γ /E max γ , where E γ is the energy of the scattered electron and E max γ is the maximum allowed scattered electron energy dictated by the Compton edge.
where r e is the classical electron radius of 2.8 fm and E 0 γ is the incident photon energy. The asymmetry-A exp (ρ) can be written as a function of 3 free parameters viz., electron polarization-P e , Compton edge-j max , and refractive index of free space-n [26] .
where, x = 4γω 0 sin 2 (
2 )/m e , θ, θ 0 are the angle of scattered and incident electron respectively. A global fit of the measured asymmetry to the 3 parameter function allows us to constrain (n − 1) < 6.8 × 10 −9 as shown in Figure 2 (Left). Furthermore, this constraint on (n − 1) can be plotted w.r.t. the energy of the photon together with constrains obtainable from: • Chérenkov radiation: Using the highest energy particles (viz. electrons, protons) observed.
• Pair-production: Using the highest energy photos observed.
• and Gamma ray bursts (GRB): Using the time delay between the hard and soft part of the GRB spectra and the redshift associated to determine the distance (from the Earth) to the GRB.
as shown in Figure 2 (Right). A sidereal modulation analysis of the refractive index extracted from each individual run was then performed to obtain the constraint κ 2 X + κ 2 Y < 8.6 × 10 −10 . The technique of measuring index of refraction from Compton scattering and the associated sidereal analysis is further detailed in Refs. [27, 28] , along with the method of extracting constraints on (n − 1) w.r.t. energy of the photon. The Hall-A Compton polarimeter was built and upgraded to provide a reliable, sub 1%, measure of the electron polarization for the suite of parity violating (PV) experiments planned for 11 GeV program of JLab. Notably, for the MOLLER experiment which aims to measure the weak charge of the electron to sub 2.5% precision, a measure of electron polarization precise to 0.4% is required [29] . The Hall-A Compton polarimeter looks similar to Hall-C Compton polarimeter, with the exception that the Fabry-Pérot cavity has a quality factor as high as 3800 and is coupled to a frequency doubled 5 W, 1064 nm infrared laser [30] . QWeak experiment used 1.16 GeV incident electrons whereas MOLLER shall use the full 11 GeV electron beam and a high beam current of up to 85µA. The ≥ 10-fold improvement in the power of the laser inside the Fabry- Pérot cavity compensates for the linear reduction in the Compton scattering cross-section with increase in incident electron energy. It is possible to convert the constraints in Fig 2  (Right) to be expressed in terms of the mass scale at which we can exclude physics BSM. This can be done using first order LI violation (LIV) which modifies the speed of light linearly w.r.t. the energy of the photon [31] .
where M QG is thought be the scale of LIV. The constraints in Figure 2 (Right) are reinterpreted in terms of Eq. 8 and shown in Figure 3 . When the measurement in Ref. [28] using the Compton electron asymmetry is repeated at the JLab 12 GeV era, to calculate the increase in sensitivity, we can write the error in refractive index as a function of error in asymmetry with the help of Eqs. 1, 3-7. The energy of scattered photons linearly scales with the incident electron energy. This results in an enhancement of around an order of magnitude when one goes from 1.16 GeV QWeak to 11 GeV MOLLER. The factor of 2 improvement in σ Aexp(ρ) mostly comes from the planned increase in the polarimetry precision from ∼ 1% during QWeak to 0.4% for MOLLER. Given the high beam current and the length of the time MOLLER is planned to run, a follow-up measurement to Ref. [28] is most ideally run as a parasitic experiment during the MOLLER beam time using Hall-A Compton polarimeter. Therefore, one could plug the appropriate operating conditions of MOLLER into Eq. 9 and obtain an enhancement in sensitivity to refractive index, and this is reported in Table 1 . Also, the factor of 1.4 × 10 5 reported for enhancement in σ n in Table 1 does not take into account the fact that MOLLER plans to run for 344 days whereas QWeak only ran for 198 days. Taking the lengthier run time into consideration, we can expect an improvement by a factor of 1.9 × 10 5 over the constraints: (n − 1) < 1.4 × 10 −8 and κ 2 X + κ 2 Y < 8.6 × 10 −10 (95% C.L.) resulting in projected sensitives of (n − 1) < 7.4 × 10 −14 and
(95% C.L.) for CompEx-1b @ MOLLER in Hall-A. The region labeled as CompEx-1b in Figure 3 shows this sensitivity in comparison to CompEx-1a @ QWeak in Hall-C and the current leading constraint provided by GRAAL: [33] . Furthermore, a careful run-by-run analysis could lead to an additional improvement by a factor of ∼ 2 over and above the estimate shown in Figure 3 for CompEx1b @ MOLLER. Ergo an improvement over GRAAL constraint by a factor between 4 and 8 could be expected for the follow up measurement in CompEx-1b. Sidereal modulation of the value of refractive index exploits the anisotropy of speed of light as a signature for Lorentz symmetry violation. Figure 3 shows us the extent of independence of speed of light w.r.t. energy of the photon, both characteristic signals for breakage of LI. Birefringence is another means by which LI could be broken. Birefringence could occur due to the crystalline nature of space at Planck scales [35] . The location of Compton edge has a strong dependence on refractive index [34] ;
where j max is location of the Compton edge in energy of the scattered photon (or Strip number), one of the fit parameters mentioned in Section 2, and ζ is the dimensionless length parameter linking the photon energy to its momentum from Eq. 8 as (n−1) ∼ (ζ k)/M QG . One could write ζ in terms of Planck length, l p as ζ = ζ l p . In order to probe the vacuum birefringence, one could study the movement of Compton edge by changing the incident photon polarization state.
Eq. 11 shows an asymmetry one could define using j L(R) max , the Compton edge while using left (right) circularly polarized incident light where the incident electron beam is unpolarized. Such asymmetries have obvious systematic advantages. Eq. 10 shows us that small changes in refractive index are enhanced by a factor of up to γ 6 which allows us to compensate for the rather large value of energy scale (∼ M QG ) at which Lorentz symmetry could be violated. Figure 4 (Left) plots Eq. 11 which shows us the length scale at which we probe new physics as a function of asymmetry induced by vacuum birefringence. Compton scattering itself has an inherent asymmetry at the Compton edge given by [37] ; We can normalize #3 with Q-Weak beam time and beam current with associated precision of measurement in Ref. [23] (also in the above para). By rolling in the above three effects, we can translate Figure 4 (Left) to a length scale at which we can probe physics BSM caused by birefringent space as a function of length of time for which the experiment would need to be performed for. This is shown in Figure 5 . Figure 5 makes it evident that achieving Planck scale sensitivity using any of the currently available electron accelerators would take multiple decades of continuous data taking. Figure 4 (Right) and Eq. 13 shows that Compton asymmetry at the end point increases with incident electron beam energy and incident photon energy, therefore we could also calculate the sensitivity using incident photons of lower energy for which the asymmetry would be smaller. 
Conclusion
CompEx-1a analysis published in Refs. [27, 28] serve as a proof of concept demonstrating the successful implementation of the analysis to measure the refractive index of free space using Compton asymmetry and the corresponding test of isotropy of speed of light as a signature of LIV. CompEx-1a measurement will be followed by the CompEx-1b program, using the cumulative data set of Hall-A Compton polarimeter collected during the series of PV experiments planned for 12 GeV era. CompEx-1b shall have a sensitivity better than the current leading constraints by a factor of around ∼ 4−8. CompEx-2 marks the next generation of Compton scattering based experiment in search of Lorentz symmetry violation and the future facility of 500 GeV ILC provides tantalizingly interesting possibilities with the ability to reach Planck scale sensitivities with about an year of data taking. 
